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a  b  s  t  r  a  c  t
Composite  material  constituted  by Fe  micro-particles  homogeneously  dispersed  in  a silicone  matrix,  at
a  volume  concentration  slightly  above  the  percolation  threshold  but  separated  by  a  thin  silicone  layer,
was  produced.  The  particle  magnetic  softness  and  their  average  size,  have  been  properly  improved  with
respect  to previous  investigations  in order to  maximize  the  piezo-resistive  and  the  piezo-magnetic  effects.
The  optimal  combination  of  magneto-elasticity  and  piezo-resistivity  enables  to  achieve  a  record  value
of  magneto-piezo-resistivity  sensitivity.  An  analytical  model  is proposed  to simulate  the  theoreticallyeywords:
lasto-magnetic composite
iezoresistivity
agneto-resistivity
agnetic  ﬁeld sensors
isplacement sensors
expected  behavior  of electric  resistance  vs.  the  applied  induction  ﬁeld  gradient,  so  to  predict  the  magneto-
piezoresistive  response  and  explain  the  obtained  material  tailoring.  The experimental  results  have  been
in  good  agreement  with  the  theoretically  predicted  behaviors,  so  validating  the  employed  model  and  the
interpretation  of the  phenomenon.  A simple  basic  application  in position  sensing  is also  reported.  The  ana-
lytical  model  presented  in  this  paper  has  demonstrated  its  potentiality  to project  further  improvements,
while  the  experimental  results  allow  for different  innovative  applications.
 201©
. Introduction
Magnetorheological elastomers (MREs) made by magnetic
icroparticles (MPs) homogeneously dispersed in an elastic poly-
er  matrix have been largely investigated [1–9]. These composite
icrostructures exhibit several interesting properties due to the
oupling of electrical, magnetic and elastic properties: piezore-
istivity [10–12], magnetoresistivity [13], magneto-piezoresistivity
14].
In  particular, a strain can produce electrical resistivity changes
epending on the ﬁlling particles concentration and the peculiar
article aligning [15–18]. The application of a magnetic ﬁeld, dur-
ng MREs production, results on the MPs  orientation in the elastic
atrix, and it can change the magnetic interaction with the near-st particles, inﬂuencing the elastomechanical character of the
omposite [19,20]. Several investigations have shown that mag-
etoresistivity is related to both elastomagnetic strain of material
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matrix and intrinsic magnetostriction of MPs  [13,21]. Also ther-
moresistance response due to thermal-induced strain has been
evidenced [13]. Moreover, particle shape and distribution have
noteworthy inﬂuence on both piezoresistivity and magnetoresis-
tivity in MREs [22].
Recently,  our research group has investigated the conditions
in which giant piezoresistance appears and has shown that the
strain produced by a magnetic induction gradient is able to produce
a peculiar type of magnetoresistance due to the elastomagnetic
deformation (magneto-piezo-resistivity) [14].
The listed effects in MREs can be used to develop magnetic ﬁeld
sensors [23], energy convertors [24], pressure sensors [25], ﬂexible
electronics devices [15] and tunable vibration absorbers [19].
In  this paper we  show how the optimization of the ﬁlling particle
magnetic properties, as well as their size, can enhance magneto-
piezoresistivity and prospect the use proper MREs as the sensing
core of competitive magnetic induction gradient detectors.
2.  Material optimization and experimental details
Open access under CC BY-NC-ND license. The  investigated MRE  was  made by magnetic MPs  homoge-
neously dispersed into a silicone matrix, in a volume fraction (vol%)
of 37%, performing the same procedure extensively described in
previous investigations [10,14]. Particular attention was paid in
cense. 
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Fig. 1. Scheme of the experimental set-up for magneto-piezoresistance measure-
ments in elastomagnetic composites vertically suspended: P – sample; C – Cu
t
n
o
m
(
s
a
a
e
s
c
p
v
(
i
s
m
a
s
p
i
F
ε
e
r
i
t
ε
[
ε
w
z
m
a
o
i
t
r
MRE  and Ni MRE, respectively.
It is observed that:erminations providing the electric contacts; H – resistance meter. A constant mag-
etic induction gradient was applied along the sample z longitudinal axis by means
f  permanent magnets at a variable reciprocal distance, as described in Ref. [14].
ixing the solid particles inside the liquid silicone component
ESSIL 291, with a viscosity at 25 ◦C of 43,000 mPa  s and a ten-
ile strength of 5 Mpa), before the addition of the cross-linking
gent (ESSIL 292 CATALYSEUR, with a viscosity of 4000 mPa  s and
 tensile strength of 5 Mpa), in order to obtain a thin silicone layer
nveloping each particle. For this experimental study bar-shaped
amples were prepared (L = length = 26 mm;  h = side of the square
ross-section = 2 mm).
The following important changes in the MREs composition and
article average size were performed in comparison with the pre-
iously investigated composites [14]:
(i) Iron instead of Nickel was used as magnetic particle material.
ii) MPs  with larger average size were employed (equivalent spher-
ical diameter 7 m instead of 2.5 m).
The above listed changes were appropriately tailored in order to
mprove the sample magneto-piezoresistive response. At ﬁrst, the
ubstitution of Iron to Nickel enables to obtain higher saturation
agnetization values (Mz = 1.7 × 106 A/m instead of 0.6 × 106 A/m)
t lower magnetizing ﬁeld. This ensures greater total longitudinal
train L/L at equal value of Es (Young Modulus of the used com-
osite material) when a ﬁxed magnetic induction gradient (∂Bz/∂z)
s applied along the sample longitudinal axis z as in the scheme of
ig. 1 [14], holding the relation:
z
L
L
≡ 1
2
(vol%) Mz
∂Bz
∂z
L
ES
. (1)
We  have already demonstrated [14] that in this type of magneto-
lastic composite there is a quasi-linear decrement of electrical
esistance logarithm (ln R) with longitudinal strain (piezoresistiv-
ty). Concerning the effect of MP  average size, D, on the basis of
he Poisson relation εy = −m εz (m = Poisson Ratio), the local strain,
g = [(S − S0)/S0], in the MRE  bulk obeys the following relationship
14]
g = −12
(
D
0
)
εz (2)
here S0 is the minimum transversal inter-particle distance, at
ero macroscopic strain, S is the same distance under a longitudinal
acroscopic strain εz, and 0 is the average inter-particle distance
t zero macroscopic strain.
Eq. (2) shows that, if the particle size is increased, at a ﬁxed valuef the longitudinal strain εz, the local strain εg will be higher. In turn,
f the local strain is increased, the particle proximity is decreased,
herefore resulting in a higher decrement of the sample electric
esistance.tors A 205 (2014) 235– 239
Thus, the improved MP  magnetic softness results in an increase
of the longitudinal strain activated by the ﬁxed magnetic induction
gradient, applied on the sample. At the same time, the increase of
the average particle size should produce, at a ﬁxed longitudinal
strain, a larger resistance change. In conclusion, both the oper-
ated improvements, (i) and (ii), should cooperate to increase the
magneto-piezoresistive effect. This is analytically expressed, due
to the model proposed in reference [14], as follows:
R
R0
= (1 + εg)eS0 εg (3)
where R0 is the resistance at zero strain, and  = 10.24
√
 109 m−1
( = potential barrier for the used metallic element).
Considering Eqs. (1)–(3) one obtains:
R
R0
=
(
1 − 1
4
(vol%) Mz
∂Bz
∂z
L
ES
D
0
)
eS0−1/4(vol%)  Mz ∂Bz∂z
L
ES
D
0
(4)
and, if Mz and D are increased of a factor 2.8, since both the negative
exponent and the subtractive addendum in the brackets have an
increment of a factor about 8, a resistance decrement is expected,
for the same applied magnetic induction gradient, at ﬁxed values
of the dimension L and the physical parameters ES, S0, 0 and  .
3. Theory predictions and experimental results
Considering the parameters characterizing the new MPs, one
can afﬁrm that:
(i) Concerning S0, the use of the same manufacturing process and
similar particle roughness, assures a slight difference only from
the values obtained in previous experimental investigations.
(ii) SEM analysis has evidenced that the average distance among Fe
particles is 1.5 times higher than for the Ni particles used in the
previous investigations (this is on-line with the consideration
that the Fe particles are bigger than the previously used Ni
particles).
(iii) The potential barrier in Fe was expected very similar than in
Ni ( = 0.7 eV [14,26]).
On the other side, the Young Modulus determination by stress-
strain characteristic of the new Fe MRE  samples furnished a value
Es ≈ 7.2 × 105 Pa, slightly higher than 6.9 × 105 Pa obtained in the
previously investigated Ni elastomagnetic samples. This is clearly
related to the use of bigger ferromagnetic particles which requires
higher stress to have the same strain. Therefore, since the product
D·Mz/0Es is increased, a higher magneto-piezoresistive response is
qualitatively expected in the optimized composite material (higher
decrease of R with εz and, consequently, with magnetic induction
longitudinal gradient (Eq. (1)).
In the following, the improved elastomagnetic samples will be
indicated as Fe MREs while the already investigated elastomagnetic
samples will be reported as Ni MREs.
To clarify the modeling expectation, the comparison between
the theoretic behaviors of R vs. ∂Bz/∂z obtained by Eq. (4) is reported
in Fig. 2: curve (a) and (b) represents the predicted response of Fe(i) The value of the initial resistance R0 is higher in Ni MREs than
in Fe MREs (9.5 × 1011  instead of 6 × 1011 ) and this can be
attributed to the larger number of silicone barriers in the old
composite due to the lower MP  average size.
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Fig. 2. Comparison between the resistance behaviors vs. the applied magnetic
induction gradient, as simulated by using Eq. (4), for the Fe MRE samples (a), and
the previously used Ni MRE  samples (b).
Fig. 3. Simulated behaviors of the magneto-piezoresistance ratio vs. the applied
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Fig. 4. Experimental curve of ln R vs. longitudinal strain (εz) in Fe MREs. Average
values of ln R obtained by reiterated measurements are reported. The error bars are
too small to be visible. The line is a guide to the eye.
Fig. 5. Comparison between the theoretical behavior of the resistance (Eq. (4)) and
the results obtained by averaging experimental values in repeated measurementsagnetic induction gradient for the Fe MRE samples (a), and the previously used Ni
RE  samples (b).
ii) The decrease of R with B gradient is higher in Fe MREs than in Ni
MREs, in agreement with the expected optimization discussed
above.
In Fig. 3 the comparison between the theoretical behaviors
f the magneto-piezoresistance ratio MPR  = [R0 − R(∂Bz/∂z)]/R0 is
eported: the large improvement of the new composite material is
learly conﬁrmed.
Therefore, the model simulations, shown in Figs. 2 and 3, con-
rm the qualitatively predicted expectations.
The direct experimental results on piezoresistive response and
agneto-piezoresistance ratio are reported hereinafter. The exper-
mental methodology for these measurements was the same used
or the Ni MREs, as detailed in reference [14], thus allowing for an
bjective comparison.
In Fig. 4, the natural logarithm of the Fe MRE resistance (ln R)
s a function of the applied longitudinal strain is reported. These
amples have a Fe MPs  volume percentage of 37% (±1.5%). This per-
entage represents the threshold to maintain a sample resistivity
omparable to the silicone resistivity. Above this percentage theat  ﬁxed values of the applied magnetic induction gradient with steps of 0.2 T/m, in
Fe  MRE  new sample.
resistance (of Fe MREs with similar size) decreases, indicating the
start of electrical conduction between adjacent MPs.
The piezoresistance sensitivity (R/εz) is increased to about
3 105 /10−4 reaching values almost ten times higher than in Ni
MREs, at the same MPs  percentage [14].
The dependence of resistance versus the applied
magnetic induction longitudinal gradient is illustrated
in Fig. 5: a giant magneto-piezo-resistance sensitivity
(R/((∂Bz/∂z)) ≥ 0.5 · 1012 ˝m/T) has been shown. The good
agreement between the theoretical prediction (Eq. (4)) and the
experimental measurement, demonstrates that our model is
effective to describe the physical phenomenon of coupling among
strain, due to magnetic induction gradient, and conductivity, in
the new investigated MREs. The obtained improvement of perfor-
mance offers more incentives for possible applications of the new
Fe MREs as sensing core of contactless detection of position, or low
frequency vibration, both in civil and mechanical or aeronautical
engineering components.
A possible example of position (or small displacement) sensor is
shown in Fig. 6. The Fe MRE  sample (of the same shape and size used
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Fig. 6. Prototype of a position (or small displacement) sensor: M – cylindrical per-
manent magnet; P – Fe MRE  sample; C – Contact Cu capillary wires providing
electrical contact with the resistance meter; E – clamped extremity.
Fig. 7. Calibration curve of a position sensor with a Fe MRE  sensing core. Average
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Giant resistivity change induced by strain in a composite of conducting particlesalues of R and correspondent standard deviations of reiterated measurements are
eported. The line is a guide to the eye.
or the other experimental measurements reported in this paper)
s set opposite to a coaxial cylindrical magnet, which undergoes a
.05 mm/min  displacement by means of a mechanical cursor, with
eal-time recording of the sensing core resistance.
The dependence of the sensing core resistance on the dis-
ance between the sensing core and the magnet surface is
epresented in Fig. 7. This device can be used to monitor the
isplacement of any non-magnetic object on which the perma-
ent magnet is set. Taking into account the experimental errors,
n the investigated displacement range, an average sensitivity
f about 25 k/m is obtained with an error in position less
han 20 m.The miniaturization of such a device to micron dimensions,
hrough the use of nanoparticles, may  also lead to other useful
pplications, such as magnetic read heads.
[tors A 205 (2014) 235– 239
4. Final remarks
The magneto-piezoresistive effect performance in composites
of magnetic particles homogeneously dispersed in a silicone matrix
was improved in comparison with our previous investigations [14].
The reported experimental results demonstrate that the performed
optimization of particle composition and average size has been able
to enhance the piezoresistivity and the magneto-piezoresistivity
sensitivity. In particular, as already evidenced in Section 3, piezore-
sistivity increases of a factor 10 and, considering that a magnetic
induction ﬁeld gradient of almost 3 T/m is necessary to produce
a R percentage change around 60% [14] in the previous Ni MER
samples, while 1 T/m induces a R percentage change of about
95% in new Fe MERs, an increase of magneto-piezoresistivity of
about a factor 3 is obtained (taking also into account the R0 val-
ues difference in the two  MER  materials reported in Section 3).
The performance improvement has been explained by means of
a model describing the electron transport resistance versus the
magnetically induced longitudinal strain. The response of the new
MRE  composites demonstrates a good agreement between the
model and the experimental results, thus constituting a useful
basis for further improvements. The use of the giant resistance
change, induced by a moderate gradient of magnetic induction,
can be employed in quasi-static displacement sensing devices
(mechanical sensors, position detectors) or in sensors of any source
producing local magnetic induction gradient (magnetic read heads,
provided that a miniaturization to micron dimension is obtained by
means of the nanoparticles employ).
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